The concept of "Intrinsic Disorder" in proteins has rapidly gained attention as the preponderance and functional roles of IDPs are increasingly being identified in eukaryotic proteomes[@b1][@b2]. Structured proteins adopt energetically stable three-dimensional conformations with minimum free energy. In contrast, IDPs, due to their unique amino acid sequence arrangements, cannot adopt energetically favorable conformations and, thus, lack stable tertiary structure *in vitro*[@b3]. This structural plasticity allows IDPs to operate within numerous functional pathways, conferring multiple regulatory functions[@b4][@b5][@b6]. Indeed, mutations in and dysregulation of IDPs are associated with many diseases including cancer[@b1][@b6][@b7], signifying that IDPs play vital roles in functional pathways. Evidence suggests that \~80% of proteins participating in processes driving cancer contain IDRs[@b6]. For example, tumor suppressor p53 as an IDP, functions via its C-terminal IDR, which simultaneously exists in different conformations, each of which function differently[@b1]. Since PTEN is the second most frequently mutated tumor suppressor with versatile functions[@b8], we hypothesized that PTEN may contain IDR(s) that can be exploited for therapeutic targeting in cancers and diseases associated with pathogenic PI3K/Akt/mTOR (Phosphoinositide 3-Kinase/Akt/ mammalian Target of Rapamycin) signaling[@b9][@b10][@b11].

PTEN (phosphatase and tensin homolog), a 403 amino acid dual protein/lipid phosphatase converts phosphatidylinositol(3,4,5)-triphosphate (PIP3) to phosphatidylinositol(4,5)-bisphosphate (PIP2), thereby regulating the PI3K/Akt/mTOR pathway involved in oncogenic signaling, cell proliferation, survival and apoptosis[@b12]. PTEN, as a protein phosphatase, autodephosphorylates itself[@b13]. Deficiency or dysregulation of PTEN drives endometrial, prostate, brain and lung cancers, and causes neurological defects[@b14][@b15]. PTEN is activated after membrane association[@b16], providing conformational accessibility to the catalytic phosphatase domain (PD) that converts PIP3 to PIP2[@b16] ([Figure 1a](#f1){ref-type="fig"}). Because PTEN reduces PIP3 levels and inhibits pathogenic PI3K signaling, therapeutically targeting PTEN to the membrane to enhance its activity is of significance in treating several pathologies including cancer.

PTEN crystal structure revealed that the PD and membrane-binding C2 domains are ordered ([Figure 1b](#f1){ref-type="fig"}); however, the structures of the N-terminus, the CBR3 loop and the 50 amino-acid C-tail remain undetermined[@b17]. The C-tail is of particular significance due to its ability to regulate PTEN membrane association, activity, function, stability[@b18][@b19][@b20][@b21]. Herein, we identify PTEN as an IDP with its C-tail being intrinsically disordered. The PTEN C-tail IDR is heavily phosphorylated by a number of kinases and regulates the majority of PTEN functions, including a large number of PPIs that forms the PTEN primary and secondary interactomes, comprising critical functional protein hubs, most of which are related to cancer. Our analysis provides a mechanistic insight into the functioning of the PTEN C-tail IDR at the systems level, including inter- and intra-molecular interactions that will aid in designing drugs to enhance the lipid phosphatase activity of PTEN for the pharmacotherapy of cancers and pathological conditions driven by hyperactive PI3K-signaling.

Results
=======

PTEN is an IDP
--------------

Utilizing two disorder prediction software programs, PONDR-VLXT and PONDR-FIT[@b22][@b23], we have identified PTEN as a *bona fide* IDP. PTEN has a highly disordered, functionally versatile, C-tail encompassing amino acids 351--403 ([Figure 1a and 1c](#f1){ref-type="fig"}). A PDZ-binding motif (amino acids 401--403) is part of the disordered region. Thus, the PTEN C-tail IDR facilitates interactions with a vast repertoire of PDZ domain-containing proteins ([Figs. 1a](#f1){ref-type="fig"} and [2d](#f2){ref-type="fig"}). The unique amino acid composition of IDRs dictates their structural plasticity[@b3][@b23][@b24]. IDRs are enriched in polar and structure-breaking amino acid residues, depleted in hydrophobic and aromatic residues and, rarely, contain Cys and Asn residues[@b1][@b23][@b24]. The ordered region of PTEN (AA 1--350) has 25% hydrophobic, 43% polar, 9% structure breaking, 13% aromatic and 9% Cys and Asn residues. In contrast, the PTEN C-tail (AA 351--403) is enriched in polar (66%) and structure breaking (11%) residues and is depleted in hydrophobic (11%), aromatic (6%) and Cys and Asn residues (6%), indicating an ideal profile for the IDR ([Figs. 1d and 1f](#f1){ref-type="fig"} ). Further, compositional analysis of PTEN using the Composition Profiler[@b24] reveals that the disordered region in PTEN is enriched in polar residues (specifically H, T, D, S and E) and structure breaking residues (specifically P) but is depleted in all aromatic and hydrophobic residues in addition to cysteine. ([Figure 1e](#f1){ref-type="fig"}), again exhibiting universal characteristics of IDPs. Taken together, we establish the PTEN C-tail as a functional IDR and classify PTEN as a new IDP.

Low mutability of PTEN IDR suggests critical biological functions
-----------------------------------------------------------------

Mutations in PTEN are associated with several types of cancers[@b14]. To correlate PTEN mutations to its structure, we analyzed all human PTEN mutations deposited in the COSMIC Database (<http://www.sanger.ac.uk/genetics/CGP/cosmic/>). The disordered PTEN C-tail IDR shows unusually low mutability (\~8-fold less) compared to any other 50 amino-acid stretch of PTEN ([Figure 2a and 2b](#f2){ref-type="fig"}). To confirm our finding of the low mutability of the C-tail region, we also analyzed all human PTEN mutations deposited in the Human Gene Mutation Database (HGMD, <http://www.hgmd.cf.ac.uk/ac/index.php>)[@b25] ([Figure 2a](#f2){ref-type="fig"}), cBioPortal for Cancer Genomics[@b26][@b27] ([Supplementary Figure S1](#s1){ref-type="supplementary-material"}) and the Roche Cancer Genome Database[@b28] ([Supplementary Figure S1](#s1){ref-type="supplementary-material"}) which was consistent with the COSMIC database mutational data. It is likely that evolutionary pressure maintains a survival advantage and *ipso facto* abrogates progeny with mutations in highly functional protein sequences[@b29][@b30][@b31]. Thus, the functionally versatile PTEN C-tail IDR cannot afford mutations, hence showing least number of mutations. It is equally likely that mutations in individual residues within the IDR are well tolerated, as the evolutionary pressure may have shifted to maintaining global biophysical properties and structural malleability of the IDR to safeguard the critical protein function[@b29]. In either case, on a global scale, the versatile structural pliability of the PTEN IDR dictates functional diversity and biological activities[@b29]. Thus, the slightest functional perturbation in the PTEN IDR due to mutations, either within the IDR or in domains interacting with it, could disrupt cellular homeostasis as seen in cancers and neurodegenerative disorders associated with PTEN mutations. This is supported by our data indicating that PTEN, as an IDP when mutated, causes several cancers[@b14].

Moreover, the PTEN C-tail IDR exhibits preferential mutations in aromatic residues compared to the ordered region ([Figure 2c](#f2){ref-type="fig"}). The ratio of mutations in aromatic residues in the disordered to ordered region is much higher than any other class of residues (structure breaking, hydrophobic, polar, Cys and Asn), likely attributed to the structure-imparting property of aromatic residue[@b32]. Specifically, aromatic residues within IDRs engage in stacking interactions, enhancing nucleation between distinct residues at functional protein-protein interaction interfaces[@b32]. Thus loss of this critical structural and functional property imparted by aromatic residues is associated with a disease phenotype. In summary, the disordered PTEN C-tail IDR has functionally evolved to contain a combination of peptides that cannot tolerate mutations.

Disorderliness in PTEN primary interactome drives functional networks
---------------------------------------------------------------------

Protein-Protein Interactions (PPIs) typically occur between conserved, structurally rigid regions of two or more proteins, particularly ordered proteins that display energetically favorable, highly-folded conformations. Intriguingly, IDPs lack tertiary structure, yet engage in PPIs, albeit with lower affinities but high specificity[@b1]. The lack of structure within IDPs enhances their biophysical landscape, conferring them with the ability to attain structural complementarities required for PPIs. Since IDPs do not conform to a stable structure, they are less compact, providing a larger physical interface and energetic adaptability to interact with multiple proteins[@b1][@b7]. Thus, conditional folding within IDPs is effectively utilized for interaction with a multitude of binding partners, enabling them to shuttle between several signaling cascades as efficient "cogs", mediating and regulating PPIs[@b4][@b7][@b33][@b34][@b35][@b36]. Indeed, we discovered that PTEN, being an IDP, interacted with more than 400 proteins ([Supplementary Table S1](#s1){ref-type="supplementary-material"}) when a combination of online software, literature search and database mining tools were used. Proteins with known PTEN interaction domains were classified as "mapped" ([Figure 2d](#f2){ref-type="fig"} and [Supplementary Table S1](#s1){ref-type="supplementary-material"}), whereas those with uncharacterized/predicted interactions were designated as "unmapped" proteins ([Supplementary Table S1](#s1){ref-type="supplementary-material"}). Derivation of PTEN primary interactome from the mapped proteins using Cytoscape (<http://www.cytoscape.org/>) indicated that PTEN disorderliness is efficiently used for interaction with 40 proteins, most existing in distinct functional pathways ([Figure 2d, 2e](#f2){ref-type="fig"} and [Supplementary Table S2](#s1){ref-type="supplementary-material"}).

Interestingly, within the PTEN primary interactome, 60% of interactions occurred within the disordered C-tail region. Furthermore, disorder analysis on the primary interactome revealed that 33 proteins (\>82%) were IDPs, of which two-thirds interacted with the C-tail IDR ([Figure 2e, 2f](#f2){ref-type="fig"} and [Supplementary Table S3](#s1){ref-type="supplementary-material"}), indicating a high propensity for disorder-disorder (D-D)-type interactions.

In order to study evolutionary conservation of the PTEN C-tail and its interactions across species, several sequence alignments were performed ([Figure 3a](#f3){ref-type="fig"}). Sequence alignment of the entire PTEN protein from different animal species shows a good conservation of the catalytic phosphatase domain between vertebrates and invertebrates with 100% sequence conservation for the dual specificity phosphatase catalytic motif HCKAGKGR[@b8] ([Supplementary Figure S2](#s1){ref-type="supplementary-material"}). The C-tail shows good conservation in the vertebrate species, likely indicating the recent emergence of the function of PTEN C-tail region in regulating PTEN activity and enriching its PPI potential, translating to its versatile functions. In order to examine the conservation across species for the PTEN C-tail interacting proteins, a literature search was conducted to identify experimentally verified domains/motifs involved in interaction with the C-tail. The domains involved in these interactions with the C-tail for 13 proteins with relevant literature sources for these interactions are part of [Supplementary Figure S3](#s1){ref-type="supplementary-material"}. Subsequent sequence alignments for these thirteen proteins ([Supplementary Figure S3](#s1){ref-type="supplementary-material"}) shows good sequence homology for the domains/motifs involved in interaction with the PTEN C-tail. These findings support the concept that the PTEN C-tail has evolved in vertebrates to incorporate features that allow it to interact with these proteins.

Further, to assess whether PTEN acts as a functional hub protein and regulates pathways through its protein-binding partners, we performed functional network analysis using the Analyze Network option from MetaCore (GeneGo Inc, Thomson Reuters, 2011) ([Figure 3b](#f3){ref-type="fig"}). The PTEN primary interactome was used as input with PTEN as the central node. We identified multiple interactions not only between PTEN (node) and SMAD2/3, AR, PCAF, ANAPC3, ANAPC4, Caveolin, β-arrestin 1 and p53 (edges), but also amongst the edge proteins themselves ([Figure 3b](#f3){ref-type="fig"}). Interestingly, all the edge proteins are themselves highly disordered ([Supplementary Table S3](#s1){ref-type="supplementary-material"}). Further supporting this finding, our functional enrichment revealed that 13 proteins (one-third) of the PTEN primary interactome were cancer-related and highly disordered ([Figure 4a](#f4){ref-type="fig"}, [Supplementary Table S3 and S4](#s1){ref-type="supplementary-material"}).

Pliant PTEN secondary interactome relays function of the primary network
------------------------------------------------------------------------

The disorderliness of the PTEN primary interactome prompted us to investigate the possibility that PTEN radiates its function via a malleable network of IDPs that extends beyond the primary interactome. Therefore, we derived the PTEN secondary interactome ([Supplementary Table S5](#s1){ref-type="supplementary-material"}) and ascertained the interaction of 13 cancer-related proteins identified in the primary interactome ([Figure 4a](#f4){ref-type="fig"}). The entire PTEN secondary interactome consisted of 299 IDPs, of which 193 IDPs (two-thirds) were associated with the 13 cancer-related proteins, generating a "PTEN-Cancer Interactome" ([Figure 4](#f4){ref-type="fig"}, [Supplementary Table S5 and S6](#s1){ref-type="supplementary-material"}). Thus, two-third of the IDPs within the PTEN secondary interactome associates with one-third of the cancer related IDPs within the PTEN primary interactome, indicating that cancer-related functions are driven by IDPs in the PTEN interactome and that the flexibility of IDP-IDP interactions modulates diverse functions; dysregulation of which causes cancers.

Functional network analysis of the 193 cancer-related IDPs identified 31 proteins that shared multiple nodes ([Figure 5a](#f5){ref-type="fig"} and [Supplementary Table S6](#s1){ref-type="supplementary-material"}). We overlaid this network with the cancer-related IDPs of the primary interactome to predict functionally critical protein hubs (indicated in yellow circles in [Figure 5a and b](#f5){ref-type="fig"}). Our analysis revealed 16 proteins as highly populated hubs, most enriched in disordered regions, again demonstrating that a high degree of structural and functional association between the hubs required IDP-IDP interactions ([Figure 5b](#f5){ref-type="fig"}). The involvement of these hubs in multiple, critical oncogenic signaling pathways make them attractive drug targets in the field of clinical oncology. Our bioinformatic analysis resonates well with observed biological phenomena as seen in the case of MDM2 protein, which is a major PPI hub regulating p53. Interaction of the human androgen receptor (AR) protein and MDM2 influences prostate cell growth and apoptosis[@b37]. Mdm2-Daxx interaction activates p53 following DNA damage[@b38], and Daxx binds and inhibits AR function[@b39]. Conversely, the breast cancer susceptibility gene 1 (BRCA1) interacts directly with AR and enhances AR target genes, such as p21(WAF1/CIP1), that may result in the increase of androgen-induced cell death in prostate cancer cells[@b40]. Further, BRCA1 complexes with Smad3 and is inactivated, leading to early-onset familial breast and ovarian cancer[@b41]. Within the same network, MDM2 inhibits the transcriptional activity of SMAD proteins including SMAD3[@b42], thereby, emerging as a major player in prostrate, breast and ovarian cancer. Loss of PTEN, on the other hand, results in resistance to apoptosis by activating the MDM2-mediated antiapoptotic mechanism. We also identified proteins like NCL, DAXX and SUMO that play critical roles in mediating cancers as being a part of the PTEN centric cancer interactome ([Figure 5b](#f5){ref-type="fig"}). Interestingly, all of the 16 predicted hubs can be traced back to PTEN (either directly or through other signaling adaptors) reinforcing our analysis ([Figure 5c](#f5){ref-type="fig"}). These findings support the prevailing concept of preferential interaction between disordered regions of two distinct proteins; with PTEN being the common disordered interacting hub, giving functional centrality to PTEN in many critical cellular pathways.

To further validate our methodology in using intrinsic disorder and cancer as filters to identify key signaling hubs, we compared our data sets with a previously published cancer signaling data set. We derived 7 common hubs ([Supplementary Table S7](#s1){ref-type="supplementary-material"}), which were extended using the expansive human signaling network described previously[@b43][@b44][@b45][@b46] to obtain the PTEN associated cancer interactome ([Figure 6a](#f6){ref-type="fig"}). An extensive disease associated network analysis using IPA validated our predictions as all the seven predicted hubs had an extensive cross-talk across multiple cancer disease types ([Figure 6b](#f6){ref-type="fig"}).

Modulation of PTEN PPIs by linear binding motifs
------------------------------------------------

Recent evidence has shown that IDPs mediate PPIs via short linear amino acid sequences (\~20 residues) called Molecular Recognition Elements (MoREs) or Molecular Recognition Features (MoRFs)[@b35][@b47]. MoRFs undergo disorder-to-order transitions upon binding and adopt thermodynamically stable well-defined structures[@b47], increasing the propensity of IDPs to interact with a vast repertoire of proteins. MoRFs also display molecular recognition elements that capture the binding partner proteins with high specificity. These partner-dependent conformational differences are critical to imparting versatile binding properties to IDRs[@b35].

Since the PTEN IDR engages in multiple PPIs, we tested the possibility for the existence of MoRFs. The MORFPred algorithm[@b48] revealed that PTEN contains major MoRF sites at amino acids 273--279 (part of the disordered CBR3 loop of the C2 domain), amino acids 339--347 (in close vicinity of the disordered C-tail) and amino acids 395--403 (part of the disordered C-tail) ([Figure 7a](#f7){ref-type="fig"} and [Supplementary Figure S4](#s1){ref-type="supplementary-material"}). The primary restriction of MoRFs to the PTEN C-tail IDR or adjacent regions indicates that these MoRFs directly participate in modulating PPI functions ([Figure 7a](#f7){ref-type="fig"}). However, mutational analysis within MoRFs is required to establish their active role in functional PPIs.

Protein-protein interactions are also facilitated by very short motifs (3--10 amino acids) called Short Linear Motifs (SLiMs) or Eukaryotic Linear Motifs (ELMs)[@b49][@b50]. Because of their short sequences, ELMs arise/disappear by simple point mutations, providing the evolutionary plasticity that the ordered protein domains lack. Thus, ELMs easily adapt to novel interactions in signaling pathways, where rapid assembly/disassembly of multi-protein complexes is a prerequisite. The frequent occurrence of ELMs in a typical proteome indicates their critical cellular functions. Consistent with this notion, a higher density of ELMs are observed in hub proteins and IDPs[@b50]. Since ELMs have short sequences, they interact with low-affinity, however, they engage in highly cooperative binding in protein complexes, triggering productive signaling[@b50]. Therefore, at increased intracellular local concentrations they competitively bind to mutually overlapping physiological targets of each other as seen with PDZ, SH2 and PTB interaction domains found in cancer-associated proteins and in IDRs[@b49][@b50]. As PTEN contains a PDZ-binding motif within the IDR ([Figure 1a and c](#f1){ref-type="fig"}), we probed for the existence and features of ELMs in PTEN using The Eukaryotic Linear Motif Resource (<http://elm.eu.org>). We identified 34 different classes of ELMs in PTEN that mediate PPIs ([Supplementary Figure S5](#s1){ref-type="supplementary-material"}). Interestingly, the four ELMs that are most conserved (conservation score\>0.75) occurred within the PTEN C-tail IDR, indicating its high level of functional/biological significance ([Figure 7b](#f7){ref-type="fig"}). ELM functions are further modulated by post-translational modifications, mainly by phosphorylation[@b50]. Indeed, the PTEN IDR possesses nine phosphorylation sites[@b51][@b52] ([Figure 7c](#f7){ref-type="fig"}).

PTEN phosphorylation modulates intramolecular association and PPI function
--------------------------------------------------------------------------

Post-translational Modifications (PTMs) in IDPs facilitate PPIs[@b5]. Modifying enzymes readily dock on structurally flexible IDRs, making them a hot spot for PTMs[@b4][@b7][@b53][@b54]. Consistent with this notion, regulatory cancer-associated proteins have twice as much disorder and undergo more frequent phosphorylation/dephosphorylation than other cellular proteins as predicted by DISPHOS (a DISorder-enhanced PHOSphorylation prediction software)[@b54], implicating a tight interconnection between protein phosphorylation and disorder. Consistent with the function of PTM in IDRs, clustering of Ser and Thr phosphorylation sites ([Figure 7c](#f7){ref-type="fig"}) in the C-tail IDR regulates PTEN stability, membrane association and activity[@b19][@b20]. Phosphorylation in the PEST \[proline (**P**), glutamic acid (**E**), serine (**S**) and threonine (**T**)\] domain within the C-tail IDR (amino acids 352 to 399) inhibits degradation of PTEN[@b51]. Casein kinase II (CK II), Glycogen synthase kinase 3-beta (GSK3-β) and PLK3 (Polo-like kinase 3) phosphorylate Ser and Thr residues within the IDR, each providing a distinct function[@b51] ([Figure 7c](#f7){ref-type="fig"}). The microtubule-associated serine/threonine (MAST), serine/threonine kinase 11(STK11) or LKB1 and casein kinase I (CKI) kinases have also been implicated in PTEN phosphorylation. STK11/LKB1 modifies T383, while CKI modifies T366, S370 and S385[@b52]. Indeed, our DISPHOS prediction for C-tail IDRs supports these experimental observations ([Supplementary Figure S6](#s1){ref-type="supplementary-material"}).

Substrate-kinase interactions are typically of the disordered-ordered (D-O) type and are stabilized by hydrogen bonding ([Figure 7c](#f7){ref-type="fig"}), a hallmark of IDRs[@b54]. Indeed, computational analysis revealed that large ordered regions comprising the catalytic domains of CKII, GSK3B, PLK3, Rak, and Src kinases interact with the C-tail IDR ([Supplementary Table S8](#s1){ref-type="supplementary-material"}), indicating that PTEN engages in D-O type intermolecular interactions with the modifying kinases.

At the intramolecular level, phosphorylation at C-tail residues triggers a conformational change in PTEN, inhibiting its membrane association and, therefore, its lipid phosphatase activity[@b18][@b19][@b21][@b55]. The phosphorylated C-tail IDR folds onto the PD and C2 domains giving rise to the "closed-closed" conformation of PTEN ([Figure 8a](#f8){ref-type="fig"}) that is incapable of interaction with the membrane[@b18][@b20]. The "closed- closed" form of PTEN is enzymatically inactive and cannot convert PIP3 to PIP2. The identification of the exact resides involved in this intramolecular interaction remains an active area of research[@b18][@b20][@b56].

It was recently shown that the phosphorylation events of PTEN occur in two independent cascades of ordered events, with the S380--S385 cluster being modified prior to the S361--S70 cluster[@b52]. Even within the two clusters, the phosphorylation events follow a specific pattern with a distributive kinetic mechanism. Not surprisingly, distributive kinetics is energetically favorable on protein domains that are highly disordered with multiple ensembles of flexible structures[@b52]. Thus the dynamic nature of these phosphorylation events is contingent to the inherent flexibility in the PTEN structure driven by intrinsically disordered C-tail crucial for PTEN stability and localization within the cell ([Figure 8a](#f8){ref-type="fig"}).

Targeting intrinsic disorder in PTEN and its interactome
--------------------------------------------------------

Drug targeting to critical protein regions can mitigate aberrant cellular processes driving oncogenesis[@b57]. However, despite numerous clinical trials with molecularly targeted therapies, failure rates for cancer treatments remain high. Conventional therapies targeting pathway-specific kinases suffer from "off-target effects" and often fail due to the emergence of compensatory and alternative pathways[@b58]. As a novel approach, facile drug targeting to IDRs within critical signaling hub proteins is highly plausible[@b59][@b60][@b61]. Moreover, as IDRs undergo extensive PTMs[@b53] and engage in PPIs[@b4][@b34][@b36], the multitude of resulting protein interactions (normal and aberrant) can be targeted concomitantly with a cocktail of distinct inhibitors, which dampens oncogenic signaling[@b60].

Indeed, targeting PPIs is a more selective treatment strategy over conventional enzyme inhibitors[@b60]. However, disruption of multiple ordered interfaces within PPIs by small molecule inhibitors remains challenging[@b62]. The advantage of targeting IDPs engaged in PPIs is that, unlike ordered proteins, they engage in PPIs via MoRFs or ELMs, which are small peptide regions that bind with low affinity and thus are susceptible to disruption by small molecule inhibitors[@b59]. Consistent with this notion, small molecules disrupted highly disordered complexes of p53-Mdm2 and c-Myc-Max interactions by inducing order upon binding[@b60][@b63]. Likewise, targeting the PTEN C-tail IDR may reduce its intra- and inter-molecular interactions and limit accessibility to enzymes mediating PTMs ([Figure 8b](#f8){ref-type="fig"}), providing a means to increase PTEN activity. Our analysis shows that since the C-tail IDR is rich in conserved MoRFs/SLiMS, targeting these regions will prove to be a rational therapeutic modality for a large number of cancers that show compromised PTEN activity or hyperactivation of the oncogenic PI3K/AKT/mTOR pathway[@b9][@b10][@b11]. Since reductions in the levels and activity of PTEN are sufficient to drive oncogenesis[@b11][@b14][@b15], increasing PTEN activity is an ideal therapy for cancers associated with hyperactive PI3K-signaling.

Discussion
==========

Recent studies on genome- and proteome-wide molecular alterations in diseases indicate that pathological conditions are caused by perturbations in complex, highly interconnected biological networks[@b64]. Thus, current reductionist approach of studying structure-function relationship in diseases has limited our abilities to discover effective targeted therapeutics. In an attempt to overcome these limitations, in the current study, we have undertaken a novel approach to drug discovery that exploits systems and network biology at the structural, topological and functional level. Using PTEN, a tumor suppressor, we have applied computational and systems biology approaches and integrated extensive data-mining and biochemical properties of IDP interactions to reach a finer understanding of PTEN function. These results have identified PTEN C-tail IDR and several hub proteins in PTEN-driven molecular network implicated in human diseases as therapeutic targets, enhancing the repertoire of clinically relevant biological targets for pharmacotherapy.

Our derivation and analysis of PTEN primary and secondary interactome indicates that altered levels or interactions of IDPs perturb myriad cellular signaling pathways, leading to pathological conditions including cancer. IDPs have the propensity to aggregate and cause cellular toxicity[@b65]. Therefore, PTEN as an IDP has evolved a mechanism, wherein, the level of active PTEN, its cellular localization and PTEN-PPIs are regulated via phosphorylation of the C-tail IDR. Furthermore, evolutionarily conserved ELMs and MoRFs that we have identified within the C-tail IDR may play a critical role in orchestrating the formation and function of the PTEN interactome.

Increase in complexity of PPIs is either directed by the number and type of proteins or by increasing the number of interactions required to execute cellular functions[@b66]. To delineate how PTEN executes myriad functions, we first derived the PTEN primary interactome. We found 40 proteins to directly interact on the PTEN molecule, out of which 25 were associated with the C-tail IDR, consistent with the concept that disorderliness within PTEN executes its myriad functions. To enhance our understanding of PTEN functions in the context of multiple distinct pathways at the systems-level, we delineated functional networks operating within the primary interactome. Our findings showed a high degree of cross-talk between edges, implying that shared regulatory modules, comprised of multiple signaling cascades, operate via PTEN-mediated interaction networks. When these networks are altered, diseases ensue with extreme functional penalties. We also found that the edge proteins were themselves highly disordered indicating that disorderliness within the PTEN primary interactome confers functional versatility. Supporting this notion, 13 proteins that were functionally classified as cancer-related were also highly disordered forming a pliable "PTEN-Cancer Interactome". Thus, PTEN lesions influence the flexibility of IDP-IDP interactions modulating diverse functions, likely causing cancer.

Owing to the inherent ability of PPIs to be flexible while being complex, specific cellular functions are readily fine-tuned as per the biological demands. Emerging evidence suggests that certain features on the IDRs are recognized as a way of conferring plasticity to protein interaction networks. Consistent with this concept, our data suggest that PTEN, a hub protein containing an IDR, likely utilizes MoRFs and ELMs, gets differentially modified via PTMs, acquiring complementary structures to engage and modulate PPI activity by facilitating adaptive binding to multiple protein partners in many cellular pathways. Thus, our present work provide a novel entrée in targeting intrinsic disorder in PTEN and its interactome to dampen the aberrant PI3K-signaling that drives many cancers. First, imparting order to the PTEN structure may help dampen multiple oncogenic signaling pathways mediated via the 16 hub proteins identified in the present study, by limiting their affinity for PPIs. Second, targeting intrinsic disorder in PTEN and its interactome can become an adjunctive or alternative approach to the use of various kinase inhibitors, which are toxic and have many off-target effects when used to mitigate the aberrant hyperactivation of PI3K/AKT/mTOR oncogenic signaling pathway. Taken together, the present findings provide a novel entrée to design strategies for drug discovery and may become a logical intervention in the pharmacotherapy of cancer and other PTEN-associated disease treatment modalities.

Methods
=======

Disorder analysis
-----------------

Disorder analysis for PTEN, its primary interactome, secondary interactome and kinases that phosphorylate it were performed using the PONDR-FIT software[@b22]. The software assigns a disorder score to each amino acid of the protein. Residues with disorder scores \> 0.5 were considered to be disordered. For the PTEN primary interactome, proteins having long disordered regions (i.e a stretch of 30 or more contiguous disordered residues) are considered to be disordered. Percent disorderliness for each protein in the primary interactome is calculated as \[(No. of disordered residues/Total no. of amino acids in the protein)\*100\]. A plot of percent disorderliness is part of [Figure 2](#f2){ref-type="fig"}. For kinases that phosphorylate PTEN, those having long disordered regions (i.e a stretch of 30 or more contiguous disordered residues) are considered to be disordered. The exact residues that constitute the kinase domain were obtained from UniProtKB (<http://www.uniprot.org/>).

Compositional analysis
----------------------

Compositional Analysis for PTEN was carried out using the Compositional Profiler Tool[@b24]. Comparative analysis is performed for full-length PTEN, its ordered and disordered regions respectively. The analysis makes use of PDB Select 25 and DisProt as a database for ordered and disordered proteins respectively. Any change in amino acid levels for the query protein (i.e enrichment or depletion) over the average value (obtained from the databases) is expressed as (C-C~order~)/C~order~ . C is the level of a particular amino acid in the query protein, which in this case is full-length PTEN, its ordered domain and the intrinsically disordered PTEN tail. C~order~ corresponds to the level of the same amino acid obtained from a database of ordered proteins (PDB Select 25).A similar profile for typical IDPs is obtained using the DisProt database.

Further, a comparative compositional analysis was performed for the disordered and ordered regions of PTEN. Percentage frequency of a specific class of residues (i.e hydrophobic, polar, aromatic, structure breaking, cysteine and asparagine) is calculated for the ordered and disordered regions respectively. The percentage frequency for the ordered region is calculated as \[(No. of a given class of residues in the ordered region/Total number of amino acids in the ordered region)\*100\]. Similarly, the percentage frequencies are calculated for the disordered region.

Mutational analysis
-------------------

Mutation data for the PTEN protein was compiled from Sanger Institute Catalogue of Somatic Mutations in Cancer (COSMIC), Human Gene Mutation Database (HGMD), cBioPortal for Cancer Genomics and the Roche Cancer Genome Database (RCGDB). The number of observed mutations at every amino acid position is determined.

In order to correlate the mutations in PTEN with its amino acid composition, we calculated the ratio of mutations in the different classes of residues used to define IDRs (hydrophobic, polar, aromatic, structure breaking, cysteine and asparagine) in the disordered vs ordered region. **The ratio is calculated as:** Where, Rd is calculated as: Similarly, Ro is calculated as:

Sequence alignments for PTEN and the PTEN C-tail interacting proteins
---------------------------------------------------------------------

FASTA sequences for PTEN and PTEN C-tail interacting proteins in various animal species was retrieved from UniProtKB. Sequence alignments were performed using Clustal Omega tool (<http://www.ebi.ac.uk/Tools/msa/clustalo/>).

Derivation of primary and secondary interactomes and network analysis
---------------------------------------------------------------------

The PTEN primary interactome was compiled using manual data curation and various softwares including Database of Interacting Proteins (DIP), Interologous Interaction (I2D) Database, InnateDB, IntAct, MatrixDB, The Molecular INTeraction Database (MINT), Molcon, The Microbial Protein Interaction Database (MPID), Uniprot, Simons Foundation Autism Research Initiative (SFARI). The PTEN primary interactome is divided into the mapped and unmapped categories, those proteins that interact with known regions of PTEN are classified as "mapped proteins" whereas those with uncharacterized or computationally predicted interactions are termed as "unmapped proteins". The PTEN secondary interactome was compiled using various softwares listed above. Network Analysis for the PTEN primary interactome was performed using the Metacore software suite (GeneGo) using PTEN as the node.

Thirteen cancer-related proteins in the PTEN primary interactome were identified by functional enrichment analysis done using the IPA software (Ingenuity® Systems, [www.ingenuity.com](http://www.ingenuity.com)).

Subsequent network analysis is performed using the IPA software (Ingenuity® Systems, [www.ingenuity.com](http://www.ingenuity.com)) and Transcriptome Browser[@b67].

Deriving the PTEN associated cancer network
-------------------------------------------

The 16 hubs that were predicted to be cancer related hubs were compared with the human cancer associated gene list[@b43]. Seven potential cancer associated hubs were identified from the cancer-associated gene list containing 2128 genes. A PTEN centric cancer network was derived from these seven genes as potential hubs using the human signaling network[@b43][@b44][@b45][@b46]. The human signaling network contains \~6,300 proteins and \~63,000 signaling relations. In order to make the network PTEN-centric, we added the PTEN protein-protein interaction data to the original human signaling network. The PTEN associated network was obtained from this updated data set by selecting all the links associated with PTEN and the seven potential cancer associated hubs. The network was visualized using Cytoscape. Network analysis was performed to identify topologically significant hubs using the Network Analysis Plug in tool.

MoRF and ELM prediction
-----------------------

The MoRFPred algorithm[@b48] was used to identify MoRF regions within the PTEN protein while the ELM software[@b50] was used to scan the PTEN protein for annotated ELMs.
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![PTEN: A newly identified IDP.\
(a) Diagrammatic representation of PTEN structure. PTEN, a 403 amino acid protein, comprises of PBM: PIP2 Binding Module (AA 1--13; in green), a phosphatase Domain (AA 14--185; in pink), C2 Domain (AA 190--350; in blue), C-terminal region or Tail (AA 351--400; in orange) and a PDZ binding domain (AA 401--403; in dark blue). The PDZ-binding motif is considered as a part of the C-terminal region. \*Figure not to scale. (b) Crystal structure of PTEN. Only the phosphatase (in pink) and C2 domain (in blue) are amenable to crystallization. The first seven residues and the last 50 residues represent unstructured/loosely-folded regions that are yet to be crystallized. These regions represent the N- and C-termini of PTEN, respectively. (Source: RCSB Protein Data Bank). (c) Disorder analysis of PTEN. PONDR-VLXT and PONDR-FIT prediction tools were used to determine the disorder score of PTEN. Any value above 0.5 indicates intrinsic disorder. There are several disordered stretches within the PTEN protein, however, the most prominent of these disordered regions is a 50 amino-acid stretch located at the C-terminus of the PTEN protein. (d) IDPs are enriched in polar (R, Q, S, T, E, K, D, H) and structure breaking (G, P) amino acids and are depleted in hydrophobic (I, L, V, M, A), aromatic (Y, W, F) and cysteine (C) and asparagine (N) residues. The amino acid sequence of PTEN highlights these classes of residues with their relative distribution. (e) Composition profiling for full-length PTEN (in green), its ordered domain (in yellow) and its IDR (in red). The tool used is Composition Profiler (Vacic et al, 2007). As shown in the graph, the disordered region in PTEN is enriched in polar residues (specifically H, T, D, S and E), structure breaking residues (specifically P) and is depleted in all hydrophobic residues, cysteine and all aromatic residues. (f) Histogram representing the percentage of hydrophobic, polar, aromatic, structure breaking, cysteine and asparagines residues in ordered vs. disordered regions. The disordered region has an amino acid composition in line with the definition of IDPs.](srep02035-f1){#f1}

![The functional relevance of the PTEN IDR.\
(a) The number of mutations observed in PTEN over its 403 amino-acid stretch is plotted. Fewer mutations are observed in the tail region (in red) possibly indicating the deleterious nature of mutations in the functionally critical C-terminal region. \[Source: Sanger Institute Catalogue of Somatic Mutations in Cancer (COSMIC), Human Gene Mutation Database (HGMD)\]. (b) Number of mutations in every successive 50 amino-acid stretch of the PTEN protein. The last 50 amino-acid stretch, representing the tail region has at least one-eighth the number of mutations seen in any other 50 amino-acid stretch along PTEN, pointing to its critical function in cell homeostasis. (c) Correlation of mutations with the amino acid composition of PTEN. The ratio of mutations in specific residues in the disordered vs. ordered region are represented in this graph. The residues considered here are those used to define IDRs: hydrophobic, polar, aromatic, structure-breaking, cysteine and asparagine residues. Compared to the other classes of residues, mutations in aromatic residues are much higher in the disordered region when compared to the ordered region. (d) The PTEN primary interactome. Forty proteins interact with known regions of PTEN. There are approximately 340 more proteins that interact with PTEN at sites that are yet to be determined (see [Supplementary Table S2](#s1){ref-type="supplementary-material"}). Proteins shown in pink interact with the phosphatase domain, those in blue interact with the C2 domain and those in orange interact with the disordered tail. (Visualization tool: Cytoscape). (e) The PTEN C-tail has a higher propensity for PPIs. Of the 40 mapped proteins, 60% interact with the disordered indicating a strong correlation between degree of disorder and the number of protein interactions. (f) Most proteins within the PTEN interactome are highly disordered. Approximately 80% of PTEN-interacting proteins within the primary interactome are disordered, as indicated in red. The proteins within the interactome that are ordered are indicated in blue.](srep02035-f2){#f2}

![Sequence conservation in PTEN and its interacting partners reflects functionality.\
(a) Sequence alignment of the PTEN protein for vertebrate and invertebrate animals. Green color indicates sequence similarity while red indicates sequence dissimilar amino acid residues. All comparisons are made with respect to the human PTEN protein. (b) Network analysis for PTEN was performed to assess its potential as a network hub. The network shows multiple secondary interactions within the 40 mapped proteins, indicating their role in multiple signaling cascades mediated via PTEN. The proteins SMAD2/3, AR, PCAF, ANAPC7, B-arrestin 1 and p53 appear to be critical within these signaling cascades and also happen to be intrinsically disordered ([Supplementary Table S3](#s1){ref-type="supplementary-material"}), reinforcing the concept of preferential interactions between disordered proteins. (Analysis Tool: Metacore by GeneGo).](srep02035-f3){#f3}

![Derivation and disorder analysis of the PTEN cancer interactome.\
(a) Derivation of the PTEN Cancer Interactome. Functional enrichment of the PTEN primary interactome identified 13 cancer-related proteins which are also intrinsically disordered. Subsequently, the PTEN secondary interactome was derived from the primary PTEN interacting proteins. A subset of the secondary interactome was designated as the PTEN Cancer Interactome and it represents the proteins that interact with the 13 cancer-related proteins of the primary interactome. (b) PTEN Cancer Interactome. PTEN is the primary node that interacts with the 13 cancer-related proteins representing the partial primary interactome. Proteins that interact with each of the 13 cancer-related proteins comprise the secondary interactome. Disordered proteins are represented in red while ordered proteins are shown in blue. Cancer-related proteins in the PTEN primary interactome were identified using IPA (Ingenuity® Systems, [www.ingenuity.com](http://www.ingenuity.com)). (c) We identified 40 proteins that are part of the PTEN primary interactome of which 13 are highly disordered (IDP) and identified as potential cancer network hubs based on functional network analysis. We further identify 299 IDPS from the secondary PTEN interactome. A filter for cancer-related proteins revealed that approximately two-thirds of the IDPs that form the secondary interactome (193 out of 299) are involved in oncogenesis, suggesting a high degree of functional enrichment. (Functional network analysis was performed using IPA (Ingenuity® Systems, [www.ingenuity.com](http://www.ingenuity.com)).](srep02035-f4){#f4}

![Predicting functionally relevant network hubs in the PTEN cancer interactome.\
(a) Methodology to identify functional hubs within the PTEN Cancer Interactome. The PTEN Cancer Interactome contains 193 IDPs that are potential hubs. Over-represented IDPs (or IDPs with multiple occurrences) in the PTEN Cancer Interactome would have a greater propensity to function as hubs. Upon sorting for over-represented IDPs the list of 193 proteins is brought down to 31 proteins. In order to assess the possibility of these 31 proteins as functional hubs a network analysis is warranted. (b) We identified 31 potential hubs based on multiple associations from within the 193 cancer-associated IDPs of the PTEN secondary interactome. Regulatory networks derived from these 31 proteins were overlaid with a similar network from the 13 cancer-related proteins. Based on the number of associations within the network, we identify 16 potential functional hubs in the PTEN cancer interactome (indicated in yellow). Regulatory interactions were generated using the Transcriptome Browser tool (Lopez et al, 2008). (c) Functional network analysis of the 16 predicted hubs. In order to assess the functional association of the 16 predicted hubs with PTEN -- a network analysis with PTEN as a central node was done. The analysis identifies MDM2 protein, a major regulator of p53, as one of the major PPI hubs in the PTEN cancer interactome. A number of other critical cancer-related proteins, such as AR, SMAD2/3 and PDGFRB that are part of the PTEN primary interactome, feature prominently in the PTEN cancer interactome. We also identified proteins like NCL, DAXX and SUMO that play critical roles in mediating cancers as being a part of the PTEN centric cancer interactome. Interestingly, all of the 16 predicted hubs can be traced back to PTEN (either directly or through other signaling adaptors) reinforcing our analysis. (Functional network analysis was performed using IPA (Ingenuity® Systems, [www.ingenuity.com](http://www.ingenuity.com)).](srep02035-f5){#f5}

![Derivation of PTEN associated cancer hubs.\
(a) A PTEN linked cancer network was derived using seven of the 16 predicted cancer hubs that were common with the human cancer associated gene set. The associated partners of the seven hubs were extracted from the human signaling network (Cui et al, 2007, Awan et al, 2007, Li et al, 2012 and Newman et al, 2013). Red color denotes the potential cancer hubs and blue color are their associated partners. Topological analysis identifies p53 as the most significant network hub in the PTEN linked cancer network ([Supplementary Table S7](#s1){ref-type="supplementary-material"}). (b) Disease associated network of PTEN cancer hubs. A functional network was constructed with the seven topologically relevant hubs identified previously using the Core Analysis function from the IPA suite to derive the primary network (denoted as MP). A disease network was constructed using the Path Designer option and disease associated biological functions were overlaid on the primary network. Fx denotes the different functions associated with the members of the networks.](srep02035-f6){#f6}

![Biochemical features modulating PTEN PPIs.\
(a) MoRFs in the PTEN C-tail IDR. MoRFpred (Disfani et al, 2012), a computational tool, was used to identify MoRF regions within the PTEN protein ([Supplementary Figure S4](#s1){ref-type="supplementary-material"}). The MoRFs in the vicinity of the C-tail IDR are highlighted in red. Interestingly, all of the major MoRFs (with a length greater than 5 residues) are observed in the vicinity of disordered regions (either part of the disordered CBR3 loop of the C2 domain or the C-tail IDR) indicating a positive correlation between intrinsic disorder and PPIs. (b) ELMs in PTEN C-tail IDR. Eukaryotic Linear Motifs (or ELMs) are 3--11 amino acid long sequences that mediate PPIs. IDRs are particularly enriched in ELMs (Dinkel et al, 2012). The linear motifs occurring in the disordered segment of PTEN (tail + PDZ domain) have been highlighted. The motifs with a high conservation score (\>0.75) are indicated in red. Interestingly, all of the motifs with a high conservation score are restricted to the C-tail IDR. (c) Phosphorylation sites in the C-tail IDR. Phosphorylation of PTEN, particularly on serine and threonine residues in the disordered region, regulates the function and stability of PTEN. Phosphorylation occurs at Ser 362, Thr 366, Ser 370, Ser 380, Thr 382, Thr 383, Ser 385 by various enzymes such as Casein Kinase II, Glycogen synthase kinase 3-B and Polo-like kinase 3. Each of these phosphorylation events helps regulate the availability and stability of the PTEN molecule within the cell.](srep02035-f7){#f7}

![Targeting PTEN C-tail IDR.\
Most PTEN functions emanate from the C-tail IDR, including aberrant PPIs that hyper-activate oncogenic pathways. (a) Phosphorylation mediates an intramolecular interaction in the PTEN molecule. Phosphorylation causes a conformational change in PTEN converting it to the enzymatically inactive "closed closed " form wherein the flexible tail folds onto residues in the C2 and phosphatase domain, thereby making it incapable of interacting with the membrane. Dephosphorylation (by an unknown phosphatase or via auto-dephosphorylation) converts PTEN to the "open-closed" form. Electrostatic interactions, mediated by the PBM, further convert PTEN to the "open-open" form wherein it binds to the membrane and acts as a lipid phosphatase converting PIP3 to PIP2, thereby, abrogating signaling via the PI3K/Akt/mTOR pathways. Subsequent to membrane binding, several E3 ubiquitin ligases polyubiquitinate PTEN marking it for proteasomal degradation. Phosphorylation, by inducing the intramolecular interaction, masks the ubiquitination sites thereby increasing the half-life of the PTEN protein within the cell. Therefore, phosphorylation negatively regulates PTEN function but positively regulates its stability. (b) PTEN IDR engages in PPIs of the disorder:order type (D-O type). As revealed in the present study, this occurs via the use of a MoRF or SLiM region. Therefore, designing a peptidomimetic drug molecule that competes with the PTEN MoRF/SLiM binding to the ordered protein will abrogate PTEN binding, therefore PTEN function. PTEN IDR is highly accessible to multiple kinases that phosphorylate and modulate PTEN function, mainly its inhibition via intra-molecular interactions. PTEN inhibition hyper-activates the PI3K/AKT/mTOR pathway, which increase the oncogenic potential of the cell and drives cancer growth. Therefore, targeting the PTEN C-tail IDR with small molecules that bind and sterically hinder PTEN phosphorylation and/or intra-molecular interactions will be an ideally adjunctive therapy to multiple inhibitor therapy targeting of the PI3/AKT/mTOR pathway.](srep02035-f8){#f8}
